INTRODUCTION
In previous studies of amino acid incorporation by isolated cell nuclei it was observed that nuclei deprived of their deoxyribonucleic acid could not synthesize protein. The capacity for amino acid incorporation could be restored to such nuclei by the addition of the homologous deoxyribonucleic acid, by DNA's from other species, by denatured and degraded DNA's, and even by ribonucleic acids. '-3 At the same time it was pointed out that the uptake of labeled amino acids into the proteins of the nucleus takes place only under aerobic conditions and that agents which interfere with oxidative phosphorylation in the nucleus also interfere with the synthesis of protein. The correlation between oxidative phosphorylation in the nucleus and amino acid uptake into its proteins is most strikingly demonstrated by experiments in which nuclear adenosine triphosphate was selectively removed. Nuclei deprived of their ATP lost their ability to incorporate C'4-alanine. 4 It is the purpose of the present report to summarize, expand, and link these two sets of observations and to present evidence that one function of DNA, and of other polynucleotides in reconstituted nuclei, is to mediate the synthesis of adenosine triphosphate.
The Polynucleotide Requirements for Amino Acid Incorporation.
-The experiments about to be described were carried out using nuclei isolated from calf thymus after homogenization and differential centrifugation in 0.25 Al sucrose-0.003 M CaCl2 solution.
When thymus nuclei are incubated at 370 C. in a buffered sucrose medium in the presence of sodium ions and C'4-labeled amino acids, the isotope is rapidly incorporated into the proteins of the nucleus. This incorporation is originally DNAdependent, for pretreatment of the nuclei with deoxyribonuclease, and removal of the DNA, leads to a great reduction in subsequent amino acid uptake. However, the synthetic capacity of the nucleus is not irreversibly destroyed by such treatment; the addition of a DNA supplement can restore much of the incorporating ability (Table 1) .
The most striking point about such "restoration" experiments is the lack of specificity which they demonstrate. It is not necessary to restore the homologous DNA. Many DNA preparations from widely diverse sources promote amino acid uptake just as well as the DNA of calf thymus (Table 1) . Furthermore, the DNA molecule need not be intact, for alkali-denatured DNA and the split-products obtained by DNAase digestion are just as effective as the original DNA preparation. Even ribonucleic acids will substitute for the DNA of the thymus in restoring amino acid incorporation into nuclear proteins (Table 2) . Finally, the lack of a specificity requirement is most conclusively shown by experiments in which C'4-alanine and C14-leucine uptakes were restored in DNAase-treated nuclei by polyadenylic acid 589 (Table 2) . (We are greatly indebted to Dr. Severo Ochoa for his generosity in supplying this interesting material.)
Although the spectrum of suitable DNA substitutes is quite broad, it does not include a number of other related, and perhaps equally likely, compounds. For example, amino acid uptake cannot be restored by the free purine and pyrimidine bases or by mixtures of nucleosides. And, although ribonucleic acid will substitute Alanine-1-C"4
Alanine-l-C1 Alanine-1-C4
Leucine-2-C14 Leucine-2-C14 Leucine-2-C14 for DNA, an alkaline digest of RNA will not. By the same token, a mixture of the nucleoside 2'-and 3'-phosphates has no effect on amino acid incorporation ( graphically purified after rapid acid hydrolysis of yeast RNA;5 this failed to promote alanine uptake in DNAase-treated nuclei. This observation takes on added significance when it is compared with the previous finding that polyadenylic acid is a very effective agent in restoring alanine and leucine uptakes. Thus the polynucleotide is effective where the corresponding dinucleotide is not, and the molecular size of the polynucleotide emerges as one of the factors which determine its capacity to promote amino acid incorporation. A clue to the range of effective molecular size can be found in previous experiments which show that the dialyzable splitproducts obtained from DNA (by DNAase digestion) can substitute for the DNA itself. This suggests that tri-and tetranucleotides may be effective in this system. This process differs in several important respects from the type of oxidative phosphorylation observed in mitochondrial suspensions. A few of the resemblances and several of the most striking differences can be briefly described.
In isolated nuclei, ATP synthesis requires oxygen and is inhibited by anaerobiosis, by 2,4-dinitrophenol, sodium azide, sodium cyanide, and antimycin A. In all these respects it resembles ATP synthesis by mitochondria. On the other hand, several inhibitors of mitochondrial oxidative phosphorylation, including carbon monoxide,6 calcium ions, Janus green b, methylene blue, and dicumarol, have no effect on ATP synthesis by the nucleus.
It is a matter of some interest to compare the effects of these varied compounds on ATP synthesis with their effects on nuclear protein synthesis. Such a compari-son is made in Table 4 . It is clear that agents which block ATP synthesis in the nucleus also block amino acid uptake into its proteins. The evidence linking amino acid incorporation to ATP synthesis is not limited to the inhibition studies summarized in the table. A more direct test of the linkage became possible when it was discovered that acetate ions selectively remove nuclear ATP at pH values below 5.9.4 A study of C14-alanine incorporation showed that nuclei exposed to acetate buffers over the pH range 4.4-5.9 were far less active than "control" nuclei maintained at comparable pH values in buffers which did not extract nuclear ATP. (The extent of C'4-alanine incorporation was determined by subsequent incubation of the "control" and acetate-extracted nuclei in a neutral medium.4) It was found, for example, that nuclei which had lost 77 per cent of their adenosine triphosphate had also lost over 90 per cent of their capacity to incorporate radioalanine.
The ATP requirement for protein synthesis by the nucleus is, of course, in complete accord with observations on cytoplasmic systems. The resourceful and stimulating experiments of Hoagland, Keller, Zamecnik, and Stephenson have made it clear that the activation of L-amlino acids prior to their incorporation into microsomal proteins involves the formation of amino acyl-adenylate compounds. These compounds appear in reactions requiring specific enzymes and adenosine triphosphate.7 8 It will be of interest to see whether enzymes of similar specificities occur in the cell nucleus.
The Role of Polynucleotides in A TP Synthesis.-Some experiments will now be described which relate the DNA of the nucleus directly to the synthesis of adenosine triphosphate. The first of these is the demonstration that nuclei pretreated with deoxyribonuclease lose their capacity to synthesize ATP (Fig. 1) .
In this experiment nuclear suspensions were incubated at 380 for 30 minutes in the buffered sucrose-NaCl medium used in amino acid-incorporation experiments.3 Crystalline pancreatic deoxyribonuclease was present in half the flasks; nuclei in the other flasks served as "controls." Following incubation, the nuclei were centrifuged down and the supernates removed for analysis (to measure the extent of DNA degradation). were neutralized with KOH. The filtered extracts were then placed on Dowex-1 (formate) columns, and the nucleotides were separately eluted and analyzed, following the procedure of Hurlbert, Schmitz, Brumm, and Potter.9 The results are summarized in Figure 1 , A and B, and in Table 5 . Nuclei treated with DNAase in this way contain less than 30 per cent of the ATP found in untreated "controls." To test the possibility that DNAase-treated nuclei can synthesize ATP but cannot retain it, we examined the supernates obtained by centrifuging the treated nuclei after incubation. Chromatographic analysis showed only traces of ATP; less than 21 per cent of the difference in ATP content between "control" and treated nuclei could be accounted for in this way. Since the ATP is not in the nuclei and not in the supernate, it follows that removal of the DNA from the nucleus impairs its capacity for ATP synthesis. A second type of experiment shows that the capacity of DNAase-treated nuclei for ATP synthesis is readily restored when they receive a DNA supplement. The procedure used was quite similar to that described above. Nuclei were pretreated with pancreatic deoxyribonuclease and centrifuged down, discarding the supernates. Some of the nuclei were then resuspended in sucrose-citrate solutions containing thymus DNA; other nuclei received no DNA supplement. The suspensions were shaken in air for 30 minutes at 38°. The nuclei were centrifuged down and extracted with cold 2 per cent HCI04. The extracts were neutralized and placed or Dowex-l (formate) columns. The results of the chromatographic analysis are summarized in Figure 1 , C, and in Table 5 . It is evident that a DNA supplement restores much of the nuclear capacity for ATP synthesis.
It should be pointed out that only bound AMP can be phosphorylated by thymus nuclei.4 Therefore, the high ATP content of "restored" nuclei (over 70 per cent of that found in "controls") is also evidence against a loss or extraction of mononucleotides when the DNA is removed. This retention of the mononucleotides is in accord with previous observations which show that neither the histone nor the ribo- It is of interest that the amount of ATP obtained in the presence of added RNA exceeds that induced by adding DNA (see Table 5 ). This parallels previous observations on amino acid incorporation in reconstituted nuclei (see Table 2 ).
The question now arises as to how DNA and other polynucleotides mediate the synthesis of ATP. A number of possible mechanisms might be suggested which utilize the relatively high energy of the internucleotide linkage. For example, the reversibility of the ADP =-polyadenylic acid reaction (catalyzed by polynucleotide phosphorylase' l0") suggests one way in which such energy could be utilized. However, any consideration of the mechanism of ATP synthesis in isolated nuclei should begin with the observation that it is essentially coupled to oxidative processes. This is shown most directly by the results of the following experiment.
Thymus nuclei were pretreated with deoxyribonuclease, centrifuged, and resuspended in the presence of thymus DNA, as previously described. Half the nuclei were placed in a nitrogen atmosphere; the other half remained in air. After 30 minutes of incubation at 380, the nuclei were centrifuged down and the nucleotides Extracted in cold 2 per cent HC104. The results of the chromatographic analysis are summarized in Table 5 . It is clear that oxygen must be present if DNA is to restore ATP synthesis and that a DNA supplement under anaerobic conditions has a very small effect indeed.
Thus the evidence so far obtained suggests a definite linkage between polynucleotides and the aerobic synthesis of ATP. It is likely, on the basis of the close correlation between amino acid incorporation into nuclear proteins and nuclear oxidative phosphorylation, that all the diverse polynucleotides which stimulate the former process also stimulate the latter, and that amino acid uptake is, in fact, a manifestation that nuclei can synthesize ATP. However, it should be pointed out that ATP synthesis can occur without a concomitant uptake of amino acids into nuclear proteins. For example, ATP appears at temperatures far below those necessary for amino acid incorporation, and its synthesis, unlike that of protein, does not require the addition of a sodium supplement to the medium.
The relationship between ATP, polynucleotides, and protein synthesis which is so readily apparent in experiments on the isolated nucleus can also be discerned, in part, in cycloplasmic systems. Indeed, the roles of ATP in amino acid activation7 and of RNA in amino acid incorporation12 were first observed in studies of cytoplasmic fractions. But isolated cytoplasmic systems have, as yet, given no definite indications that RNA mediates ATP synthesis. On the contrary, amino acid incorporation into microsomal proteins in vitro requires the addition of either ATP1' or an independent ATP-synthesizing system, such as the mitochondrion.'4
It is possible that the preparation of the microsomal fraction destroys the organization necessary for autonomous ATP synthesis.
A number of observations reported in the literature also suggest a direct linkage between the nucleic acids and the energy-yielding systems of the cell. For example, it was shown by Munro and co-workers15 6 that the rate of RNA synthesis in the liver, as measured by P32 incorporation, depends upon the energy intake.
Also suggestive are experiments of Bresler and Nidzyan17 and of Dounce and.
Kay, 18 showing an enzymatieally catalyzed transfer of phosphorus from ATP to RNA in systems in vitro. More direct evidence for a role of polynucleotides in oxidative phosphorylation has recently been presented by Pinchot,'9 who found that the heat-stable factor required for phosphorylation coupled to DPNH oxidation in extracts of Alkaligenesfaecdlis was probably a polynucleotide of the RNA type.
All these observations fit into a pattern which suggests a special role of ribonucleic acids in the energy-yielding reactions of the cell. Experiments on the thymus nucleus have enlarged and extended the pattern to include deoxyribonucleic acids and much smaller polynucleotides as "cofactors" in ATP synthesis. Even polyadenylic acid seems to meet the structural requirements for a role in this process, a finding which suggests that it is the internucleotide linkage rather than the base composition which determines the activity of the polynucleotide.
We conclude, therefore, that one function of polynucleotides, including both ribo-and deoxyribonucleic acids, is to mediate the synthesis of adenosine triphosphate. Their role in this process would localize the ATP at the site of protein synthesis, where it is needed for amino acid activation. It is now widely accepted that the nucleic acids also determine the specificity of protein synthetic reactions. Their role in ATP synthesis thus offers another example, now on the molecular level, of the highly integrated functional organization so characteristic of biological systems.
The fact that small, relatively simple polynucleotides can function in ATP synthesis is also of interest from the evolutionary point of view. It may be that this was the original role of the polynucleotide structure and that the evolution of the cell brought with it a parallel molecular evolution in which these nonspecific polysaccharide molecules were gradually branched and modified to take on a new complexity and assume a new function: a role in the transmission of hereditary specificity.
A final point about nuclear ATP synthesis deals with the effect of the benzimidazole riboside, DRB. It was pointed out previously3 that this compound blocks RNA synthesis whenever it is added to suspensions of isolated nuclei. On the other hand, it will inhibit protein synthesis only if it is present at the outset of the experiment. These findings suggested that the synthesis of some of the protein in the nucleus required a prior synthesis of ribonucleic acid. Another possibility, not tested at that time, is that DRB might inhibit ATP synthesis and thus interfere with amino acid uptake by preventing amino acid activation. This possibility has now been tested and found untenable. The addition of DRB to nuclear suspensions has no effect on their capacity to synthesize ATP. Thus the theory that RNA synthesis precedes that of nuclear protein still offers the most plausible explanation for the DRB effects and for the time "lag" in amino acid incorporation experiments. Incubation Procedure.-The incubation medium, the procedure used for treating the nuclei with deoxyribonuclease, and the details of adding a nucleic acid supple-ment have all been described.3 For experiments on ATP synthesis the scale of operations was increased eightfold. Experiments grouped together in Table 5 were performed in parallel, using 8 ml. of a uniform nuclear suspension for each. In all cases the ATP was extracted from the nuclei after 30 minutes of incubation at 380.
Preparation of Nucleotides.-After incubation the nuclear suspensions were centrifuged in the cold at 7,000 g for 10 minutes. All subsequent operations were performed at 20. The sediments were resuspended in an equal volume of 4 per cent HCl04 and then brought to a volume of 7-8 ml. with 2 per cent HCl04. The suspensions were recentrifuged at 7,000 9 for 10 minutes, and the supernates carefully decapted. The nuclei were washed once in the centrifuge with 2 ml. of 2 per cent HC104. The washings and supernates were combined and adjusted to pH 7 with KOH. The precipitated KCI04 was removed by centrifugation, and the supernates placed on Dowex-1 (formate) columns.
Chromatographic Fractionation of Nucleotides.-The "formic acid system," using Dowex-1 (formate) columns, as described by Hurlbert et al.,9 was employed throughout this investigation. The elution system was modified for speed in determining ATP, sacrificing resolution of the mononucleotides, which emerge from the column together with DNA breakdown products. The method permits the fractionation of relatively small amounts of nucleotides. A 1.0 X 15-cm. column was connected to a 50-ml. mixing flask and a 250-ml. reservoir. After adsorption of the nucleotides, elution was begun with 90 ml. of 4 N formic acid. Six-milliliter fractions of effluent were collected at 20-minute intervals. This was followed by 130 ml. of 0.2 M ammonium formate in 4 N formic acid, collecting 3.0-ml. fractions every 20 minutes. Two hundred milliliters of 0.4 MI ammonium formate in 4 N formic acid were next added to the reservoir, and 6.0-ml. fractions were collected at 20-minute intervals. The optical density at 260 mu was measured for all tubes.
The position of the ATP peak was checked by running similar columns with a 1.0-mg. ATP supplement added to serve as a "marker." The position of the ATP peak in the elution diagram was very reproducible in successive experiments. Recovery studies showed that more than 92 The visible transmissible differences in all organisms within the species are mainly the result of alteration in the genes by mutation and recombination. That variations may also occur in the cytoplasm and cytoplasmic inclusions outside the nucleus is now becoming more apparent in higher plants and animals as well as in micro-organisms. Changes in the cytoplasm affect vital physiological processes and seldom result in visible alterations, because the organisms fail to live or the differences are so slight as to escape detection. The characters that are available for study are usually chlorophyll alteration and germ-cell abortion. All these variations are also controlled by gene changes and, partly for this reason, have seldom been recognized as cytoplasic variations. The essential difference between gene-controlled and cytoplasmic-controlled characters is in their transmission from one generation to the next. Gene-controlled characters segregate and are transmitted by both parents. Cytoplasmic-controlled characters show only maternal inheritance in appropriate genotypes.
Abortion resulting from cytoplasmic alteration probably occurs in female as wvell as in male germ cells; but, since female germ-cell abortion cannot be trans- 
